Twenty subjects with mildly to moderately se vere Alzheimer disease (AD) and 14 normal elderly con trol subjects were studied using [18P]fluorodeoxyglucose and p ositron emission tomogra p hy (PET) to investigate regional cerebral glucose metabolism during both a rest ing state and a behavioral activation state, utilizing a reading memory task (RMT). The RMT produced signif icant global metabolic activation of 15 ± 15% in normal subjects and 11 ± 13% in AD sUbjects. The occipital re gions were preferentially activated, but all regions in both 927 grou p s were also significantly activated. The RMT did not allow a better discrimination of AD patients from nor mal controls on the basis of regional metabolic deficits. Regions in the AD grou p that were individually classified as hypo metabolic during rest also exhibited metabolic ac tivation. The apparent viability of hypometabolic regions in AD patients challenges current hypotheses regarding the cause of abnormal metabolism in AD.
Most positron emission tomography (PET) stud ies of subjects with Alzheimer's disease (AD) have been performed in the resting state-a state involv ing minimal sensory input. Initial findings showing relatively localized cortical hypometabolism in AD patients (Foster et al., 1983 (Foster et al., , 1984 Friedland et aI., 1983; Duara et aI., 1986 ) are now well established (Haxby, 1990) , although the mechanism by which these focal deficits occurs has not yet been eluci dated. PET studies performed in the resting state show that about 8�90% of AD patients have iden tifiable metabolic deficits, and up to 20% of normal elderly subjects may also show such deficits (Duara et aI., 1989) .
In the resting state, subjects are not required to focus on a particular task, so this condition is asso ciated with variable cognitive activity. The ability to discriminate normal subjects from those with or ganic brain diseases on PET scans might be en hanced if scans are performed during an activation state, rather than a resting state. Intraindividual dif ferences among normal subjects' resting state scans were found to be reduced significantly when sub jects were studied while performing a nondemand ing task (Duara et aI., 1987) . A cognitive activation task during a PET scan of the brain might also serve to discriminate better normal from AD brains by activating normal brain regions in AD patients far more than abnormal brain regions. This may be considered a "stress test" of the brain and is anal ogous to the use of an exercise ECG rather than a resting ECG.
Behavioral activation studies during PET in AD patients are few. Miller et al. (1987) reported that a verbal memory activation task produced shifts in temporal lobe metabolic asymmetry toward the left in five of seven normals, and toward the right in seven of seven AD subjects. Both control and AD subjects, however, failed to demonstrate changes in absolute CMR g lc in response to the task, suggesting that the task that was used may not have rendered sufficient behavioral stress. Kessler et al. (199 1) , using a continuous visual recognition task, showed that AD and normal sub jects had a similar pattern of activation, but AD subjects activated less than normal subjects. Those AD subjects who were more demented evidenced more severe deficits in parietotemporal association cortex metabolism, and this correlation appeared to be more prominent during activation than at rest. In both the aforementioned studies, dual PET scans (rest/activation) were performed about 1 week apart.
We have studied behavioral activation in AD by using a reading memory task (RMT), which pro duced global activation in normal elderly control subjects. Preliminary analysis (Duara et al., 1990) of this task revealed similar metabolic activation for elderly normals and AD subjects. We utilized the double-injection modification of the standard fluo rodeoxyglucose (FDG) kinetic model , which allowed us to study a subject in two behavioral conditions, with about a 1 h interval between scans, and provided high count rate images of each subject at rest and during activation. Our primary purpose was to determine whether brain regions that were hypometabolic in the resting state, in AD subjects, could show metabolic activa tion, i.e., to determine whether these regions were viable. A secondary purpose was to determine whether behavioral "stress" testing during PET could be used to highlight or enhance the abnormal ities seen during the resting state.
METHODS

Subjects
Categorization of the subjects was done by medical and neurological history, physical examination, neuropsycho logical testing, and magnetic resonance (MR) scans in all normal and Alzheimer subjects. A diagnosis of AD was made using NINCDS-ADRDA criteria for probable or p ossible AD (McKhann et aI., 1984) . Normal elderly sub jects were recruited from a pool of volunteers that were without neurological symptoms or signs and with normal memory, language, and visuospatial function and nega tive MR scans.
There were 14 normal and 20 AD subjects (Table 1) . The normal grou p was 8 years younger than the AD group (p = 0.02). The male/female ratio was 9:5 in the normal group and 6:14 in the AD group. In the AD group, the mean score on the Folstein Mini-Mental Status Examina tion (MMSE) (Folstein et aI., 1975) was 22, with a range from 9 to 30. Five of the AD subjects met NINCDS ADRDA criteria for probable AD. Fifteen AD subjects were classified as possible AD, either because they were memory impaired but not demented (n = 8), or they were demented but had coexisting medical conditions that may have impaired their cognitive status (n = 7). MR scans in all AD subjects did not reveal focal deficits suggestive of infarcts.
Positron emission tomography.
[18F]FDG was pre pared by the cyclotron staff of the Mount Sinai Medical Center, using the nucleophilic reaction (Tewson, 1983) , modified to produce multimillicurie doses (V ora et aI., 1985) . Subjects arrived 1 h prior to commencement of PET scanning (performed between 1100 and 1600 h). Sub jects fasted for a minimum period of 3 h prior to the study and had not smoked cigarettes or taken any medication, alcohol, coffee, or tea on the day of the study.
Radioactivity and glucose concentrations were mea sured at predetermined intervals throughout the study. All subjects had blood drawn through hand veins that were arterialized by heating. Scanning was performed by a PETT V. seven slice camera (in plane resolution of 15 x 15 mm full width at half-maximum and 15 mm in the axial direction), for a duration sufficient to obtain 1.5-2.0 x 106 counts in the slice with the highest activity (average time of 20 min). The subjects remained supine throughout the procedure.
All subjects were studied by the double injection double scan procedure described by Chang et al. (1987) . Regional CMRglc (rCMRglc) for gray matter structures for the first scan were calculated using an operational equa tion (Hutchins et a\. , 1984) . For the first behavioral state, a bolus of 2.5-3.5 mCi of FDG was administered intrave nously; 30 min later. a 20 min PET scan was performed with the subject's head immobilized by a custom-made polyurethane head mold. Immediately thereafter, a sec ond behavioral state was initiated. Two minutes later, a second 2.5-3.5 mCi bolus of FDG was administered and the second state was maintained for the next 30 min. The patient was then repositioned in the scanner utilizing the same head mold, and a second 20 min PET scan was performed. rCMRglc values for the second scan were cal culated as described by . This method has undergone a detailed error analysis and has been found to have less error than two separate PET studies using FDG (Chang et aI. , 1989) .
Attenuation correction of the images was performed by means of an operator-drawn ellipse. Slices were assigned a level above the inferior orbitomeatal line (10M), parallel to the plane of scanning and using a standard brain atlas (Eycleshymer and Schoemaker, 1976) , as described pre viously (Duara et aI., 1983) . Because of the partial volume effect, regions of interest (ROIs) were chosen based on local maxima obtained by a computer program that auto matically placed 8 x 8 mm size contiguous boxes, row by row, over the entire cortex and subcortical gray matter structures. Positions of any of the boxes were adjustable by the operator who determined if incorrect peaks were located. The operator then selected one to four boxes to correspond to each of 67 regions (32 bilateral and 3 mid line regions) as shown in the standard brain atlas. [This method of analysis corresponds to the method described in a previous publication (Duara et aI., 1983) , with the exception that boxes of a fixed size were projected onto the cortex and subcortical regions rather than freehand outlining of regions of interest.] ROls for the second scan were obtained by projecting the ROIs from the first scan onto the second scan at the same coordinates. No adjust ment to these ROIs was made. Monitoring the display of the position of these projected ROIs was another way we insured accurate repositioning. This method of assessing changes from state 1 to state 2 can cause an apparent reduction in response from scan 1 to scan 2, since the results from scan I are based on peaks. However, based upon our previously published error estimations (Chang et aI., 1989) , this effect is small. It can be estimated from simulations that a 3 mm mismatch in the scans between state I and state 2 creates approximately a 2% underes timation in the value of CMRglc in scan 2.
The mean cerebral gray matter rate for glucose (xCMRg1c) was calculated by obtaining a mean value for all boxes in the brain, selected for regional analysis. Met abolic rates were also calculated, reflecting the mean value for all regions contained in the following lobules: prefrontal, premotor, sensorimotor, orbitofrontal, supe rior parietal, inferior parietal, superior temporal, middle temporal, medial temporal, occipital, deep gray (basal ganglia and thalamus), and cerebellum.
Resting state. This state preceded the activation state in 6 of 20 AD studies and in 4 of 14 normal studies. Thus, the effect of order of the tasks could be evaluated. Sub jects in this state were in a quiet, dimly lit room. Their eyes were blindfolded, but ears were not plugged.
Reading memory task (RMn. All control and AD sub jects read a series of passages that were designed for easy comprehension at the fifth to eighth grade levels (Kleman and Kleman, 1980) . Each passage contained a specific number of information elements. After each passage was read, the subject was asked to recall as many of the ele ments as possible from that passage. This procedure con tinued for a period of 30 min.
Statistical analyses
Differences in rCMRg1c values between normal control and AD subjects were examined utilizing a multivariate analysis of variance (MANOV A) with hemisphere (right vs. left) and task (rest vs. activation) treated as repeated measures, and disease (normal vs. AD) treated as a grouping measure. To reduce the number of statistical tests, only three such MANOV As were performed using as dependent measures the metabolic rates for lobules in the (a) frontal association cortex, (b) posterior parieto temporal (P-T) cortex, and (c) medial occipital regions. The choice of this grouping of brain regions was based on the need to select the most informative regions and the knowledge that occipital cortex is almost invariably un affected, frontal cortex is variably affected, and posterior P-T cortex is almost invariably affected in AD (Haxby, 1990) . Three main effects on the rCMRglc were assessed, namely disease, task, and hemisphere. Four interaction effects were assessed, namely disease by task, disease by hemisphere, task by hemisphere, and disease by task by hemisphere. The rCMRg1 C values were also normalized by calculating the ratio of rCMRglc to mean gray matter me tabolism. This treatment of the data reduces the variance in rCMRglc, and often reveals differences between normal and mild to moderate AD populations, which are not ap parent when utilizing nonnormalized rCMRglc values (Haxby, 1990) . Normalized rCMRglc values were also an alyzed, utilizing three MANOVAs, as described earlier for nonnormalized rCMRglc values.
The assessment of metabolic activation in regions af fected by AD was done as follows: First, resting state z scores for the normalized rCMRglc in the AD group were computed by utilizing the means and standard deviations obtained from the normal group during the resting state. Then, on a subject by subject basis in the AD group, any region with a z score less than -1.65 (p "" 0.05) in the resting state was classified as hypometabolic. Then, the absolute metabolic activation in those hypometabolic re gions was compared to the activation in those same re gions in the entire group of normals. This assessment of metabolic activation in hypometabolic regions overcomes the problems posed by the heterogeneity of metabolic patterns in AD.
In order to assess directly the power of PET to discrim inate normal subjects from those with AD during both a resting state and an activation state, a relative operating characteristics (ROC) analysis (Swets, 1988) was per formed using quadratic discriminant function analysis. rCMRg1c values were used as discriminant variables, and the "prior probability" of AD was regulated from 0 to 100% to get the most complete range of sensitivities and specificities possible. The entire group of AD and normal subjects was used as both the training and testing set. The figure of merit for this analysis, the area under the ROC curve, was compared for the resting and activation states.
The relationship of performance during the RMT to metabolic increase was assessed by Spearman rank order correlations (r5) ' In the AD group, the relationship of de gree of dementia (MMSE) to resting state metabolism, activation metabolism, and metabolic increase was as sessed by Spearman rank order correlations. Due to mul tiple correlations, the Bonferroni correction was applied to all sets of correlations.
The significance level for statistics was set atp "" 0.05, unless otherwise stated. Follow-up univariate analyses were conducted only if the MANOV A results were sig nificant, and then the Bonferroni correction was applied to adjust for multiple comparisons. All analyses were conducted utilizing the computer software package SPSSx (SPSS, Inc., 1983 ).
RESULTS
Reading memory task performance
Normal control subjects recalled an average of 52 ± 18% (range of 22-80%) of the information ele ments presented, which was significantly higher (p < 0.00 1) than the average of 16 ± 10% (range of 2-34%) for the AD group. Subjects in the normal group also read significantly more (p = 0.02) pas sages than those in the AD group (18 ± 4 passages vs. 15 ± 3 passages). Based on approximately five spoken words per information element, 20 elements per passage, and 32 min of total time, the mean number of words spoken per minute was 86 for the normal group, and 55 for the AD group. There was a significant positive relationship (rs = 0.65, p = 0.00 1) between the percentage of information ele ments recalled and the MMSE score in the AD group. The performance on the RMT was unrelated to global or regional metabolic increases in both the normal group [rs = 0.36 (p = 0. 10) for global in crease] and the AD group [rs = 0.27 (p = 0. 13) for global increase]. In the AD group, there was a trend (p = 0.07) toward a negative relationship between the global metabolic increase during the RMT and the MM SE, so that patients with moderate AD tended to have more metabolic increase than those with mild AD.
Glucose metabolic patterns Table 2 shows the results of the MANOV As per formed on rCMR g \c' Table 3 and Fig. 1 show the percent increases (rest to activation) in regional CMR g lc in the two groups. Table 3 also shows rCMR g l C values during rest in both groups. Both AD and normal control groups experienced significant whole-brain metabolic increases from rest during activation (task effect), but the increase in normals was not greater than the increase in the AD group (disease effect) (F = 0.5, df = 1,32, p = 0.47). If changes in metabolism of less than 5% are classified as "no change," then 13 AD subjects had an in crease in metabolism, one had a decrease, and six had no change; in normal subjects, 12 had an in crease in metabolism, one had a decrease, and one had no change.
There was no task order effect in normals. The increase in metabolic activation from resting state to RMT state was 14.3 ± 18.0% when the resting state was the first condition (n = 4), and was 14.8 ± 14. 1% when the RMT was administered first (n = 10). However, in the AD subjects, the metabolic increase during the RMT was greater (p = 0.004) when this task was administered first (n = 14) rather than second (n = 6) (16.1 ± 12.0% vs. -1.0 ± 5.0%, respectively). In frontal, posterior P-T, and occipital cortex, there were significant overall task effects. Univari ate follow-up tests revealed significant absolute metabolic activation during the RMT in all regions, independent of disease group (Table 3 and Fig. 1) . Occipital regions exhibited the largest metabolic in creases in both normal and AD groups. In normals, the largest increase was in the right medial occipital cortex (28.8%), and in the AD group the largest increase was in the left medial occipital cortex (2 1.0%). There were only two other significant ef fects involving task. One was a hemisphere by task interaction effect in the frontal lobe. Univariate fol low-up tests revealed a trend (uncorrected p = 0.04) toward left greater than right activation in the premotor region. Table 3 shows that left premotor regions activated 4.5% more than right premotor regions in the normal group, and 2. 1 % more in the AD group. The other significant effect involving task was a disease by task by hemisphere interac tion effect in the frontal lobes, and post hoc univari ate analyses revealed an asymmetry of activation (L�R -ilL) in the orbitofrontal region of -1.7 ± 5.2% (left > right) in normals, and 1.8 ± 4.5% (right > left) in AD subjects.
There were also hemisphere and disease by hemi sphere effects in the frontal and posterior P-T re gions. Follow-up univariate tests revealed signifi cantly more asymmetry [(R -L)/(R + L) x 200] in AD than in normals, respectively, for the following regions: prefrontal (resting state: 10.3 ± 9.2% vs. 3.3 ± 3.9%; activation state: 8.5 ± 8. 1% vs. 0.3 ± 5.4%), premotor (resting state: 13.0 ± 10.0% vs. 6. 1 ± 4.9%; activation state: 10.8 ± 10. 1% vs. 2.3 ± 5.0%), posterior inferior parietal (resting state: 11.5 ± 12.0% vs. 0.9 ± 7. 1%; activation state: 12.0 ± 12.9% vs. 1.8 ± 8.2%), and posterior superior tem poral (resting state: 14.4 ± 11.1% vs. 2. 1 ± 7.2%; activation state: 12.8 ± 12.2% vs. 0.8 ± 5.5%) re gions. Table 4 shows the results of three MANOV As performed for normalized rCMR g lc in the frontal, posterior P-T, and occipital regions. Table 5 shows the normalized regional CMR g lc values obtained during the RMT in the normal group and the AD group. Frontal lobe MANOV As and follow-up tests showed that, independent of task, the left prefrontal and premotor regions were significantly hypometa bolic in the AD group. This resulted in greater asymmetry (compared to normals) in the prefrontal and premotor regions. There were also overall task and task by hemisphere effects, and univariate tests Mean ± SD. All regions in both groups showed a significant task effect.
revealed that the prefrontal and premotor regions of both normal and AD groups showed an increase in the left to right ratio of normalized rCMR g lc values during the RMT.
In the posterior P-T association cortex, there were significant overall disease, hemisphere, and disease by hemisphere effects. Follow-up univari ate analyses revealed that the left inferior parietal (posterior) and left superior temporal (posterior) re gions were hypometabolic in the AD group.
In the medial and lateral occipital cortex, there was a highly significant task effect, independent of group. In those regions, normalized rCMR g \c values increased during activation in both normal subjects (medial: 11.5%; lateral: 5.7%) and AD subjects (me- Mean ± SD. AD, Alzheimer disease. a Indicates a disease or disease-by-hemisphere effect, inde pendent of task. dial: 8.9%; lateral: 6. 1%). There was also a signifi cant disease effect in the medial occipital lobe, independent of task. In that region, normalized rCMR g lc values were higher in AD subjects than normal subjects. Table 6 shows the amount of metabolic activation during behavioral activation in regions frequently affected by disease in these AD subjects, and in the corresponding regions in normal subjects. For ex ample, the left prefrontal region was classified as hypometabolic in 9 of the 20 AD subjects, but there was significant metabolic activation in that region during the RMT (12.6 ± 14.4%, p = 0.03) in those 9 subjects. Moreover, this activation was not lower in these nine AD subjects than in the normals. As shown in Table 6 , other regions that are commonly affected in AD also show a degree of activation that is not different from that in normals.
The ROC curves (shown in Fig. 2) , obtained by plotting the true-positive against the false-positive rate, revealed that resting scans had an ROC area of 96%, and activation scans had an ROC area of 95%, when rCMR g lc values were used as discriminators. When normalized rCMR g lc values were used as dis criminators, the ROC areas were 95% for both rest-J Cereb Blood Flow Metab, Vol. 12, No. 6, 1992 All regions in both groups showed significant (p < 0.05 for uncorrected t test) activation, except the left inferior parietal (posterior) in the "af fected AD" group.
ing and activation scans. These ROC curves during rest and activation appear to be nearly identical.
DISCUSSION
In this study, the RMT produced highly variable metabolic activation in both normal subjects and those with AD. Only 1 of 20 AD patients and 1 of 14 normal subjects, however, showed a decrease in metabolic rate with behavioral activation. Other in vestigators have also reported high variability of metabolic activation in response to a continuous vi sual recognition task (Kessler et aI., 199 1) , which produced global metabolic activation of 21 ± 18% in normals and 6 ± 11% in AD subjects. The pattern of metabolic activation in our subjects was similar, but not identical, in the two groups ( Fig. 1 and Table 3 ). For example, in both the normal and AD groups, the regions showing the most activation were the medial and lateral occipital areas, and the prefrontal region was the least activated. Also, both groups showed greater left than right activation and no re gion activated differently in the normal group than in the AD group. It is of interest that the medial occipital region was also shown to be the area of the brain in AD patients that showed the greatest spar ing from disease effects as evidenced by our finding that the medial occipital region had higher normal ized metabolic rates in AD than normal subjects, both at rest and during activation ( Table 5 ).
The order of the resting and RMT scans had no effect on the metabolic increase from resting to RMT state in the normal group. In the AD subjects, however, there was essentially no change in metab olism when the resting scan occurred first, but there was a 17% higher metabolic rate when activation occurred first. A possible explanation for this is that in AD subjects the effect of anxiety tends to in crease metabolism for the first task and the effect of fatigue reduces metabolism for the second task, so that when the resting scan is first, there is no ap parent task-related activation. This finding could also result from the small sample size (only six AD subjects had resting scans first) and the apparently large inherent variance in metabolic increases re sulting from a behavioral task.
The RMT does not act as a PET "stress test" in subjects with AD, as is evident by the ROC analy sis. Although it might have been optimal to have used a behavioral activation task that specifically activated certain regions, such as the T -P cortex, that are usually hypometabolic in AD patients, there is no guarantee that such a task would activate the same brain regions in AD and normal subjects. In contrast, the RMT activated all regions to equiv alent degrees with the exception of the occipital lobe, which is preferentially activated, presumably by the strong visual (reading) input of this task. In contrast to the findings of Kessler et al. (t 99 1), we were unable to show a significant difference in the degree of activation in AD subjects and normal con trols, although an examination of Fig. 1 shows that the mean activation for the brain in normals was about 33% greater than for AD subjects. It is of course also true that the AD subjects exerted less effort during the RMT, as evidenced by the nearly 20% greater number of passages read by normal controls. Moreover, AD subjects were older than normal controls and this may have had a bearing on the results. We were unable to show a relationship between the degree of dementia and the extent of activation in AD subjects, while Kessler et al. (199 1) showed a highly significant relationship be tween these factors. This difference in results could be explained by the difference in design of the ac tivation tasks in the two studies. Kessler et al. (1991) used a continuous visual recognition task, the difficulty of which was adapted to the individu al's level of performance, so that those who per formed poorly had easier tasks. This was not the case in the RMT we used, where all subjects were challenged with equivalent levels of difficulty. (Per haps as a result of this, in our study there was a trend for those with greater severity of dementia to show more activation.)
The degree of activation seen in regions metabol ically impaired at rest was unexpected. Even re gions that were the most hypometabolic during the resting state in AD subjects showed increases in metabolism during the RMT. Consistent with these findings, no regions became significantly hypomet abolic in AD patients during the activation condi tion. Both resting state and activation state scans in AD subjects demonstrated hypometabolic regions in the left prefrontal, premotor, and posterior P-T regions. The predominant left hemisphere involve ment is consistent with the results in previous larger groups of AD subjects seen at our center (Loewen stein et aI., 1989, 199 1). We were not able to con firm the findings by Miller et ai. (1987) of a shift in metabolic asymmetry toward the right (from rest to activation) in the temporal lobe of AD subjects compared to normal controls. Our findings in the orbitofrontal region, however, were similar in direc tion to those of Miller et al. (1987) .
The cause of regional neocortical hypometabo lism in AD patients is presently unknown. The abil ity of hypo metabolic brain regions in AD patients to activate in response to a behavioral task suggests that there is a reversible mechanism to this hypo metabolism. As previously reported by McGeer et ai. (1986) and confirmed by our findings (Duara et aI., 199 1) , there is no correlation between the re gional density of senile plaques or neurofibrillary tangles, determined at autopsy, and the antemortem rCMRglc values in those same regions. Therefore, the regional concentration of neuropathology that is typical of AD does not appear to be the cause of the regional hypometabolism. Because deficits in neo cortical metabolism appear to be correlated to neo cortically mediated behavioral deficits (Haxby et aI., 1985 (Haxby et aI., , 1986 , it may also be surmised that the regional concentration of plaques and tangles is not the cause of the regional neocortically mediated be havioral deficits. Alternate causes of regional hypo metabolism in AD may be (a) regional loss of syn apses, (b) regional loss of neurotransmitter activity, and (c) trans neuronal (diaschisis) effects from dam age to a remote structure such as the hippocampus, where the neuropathology is typically found to be the most severe in AD patients. Our current results are consistent with any or all of these alternate hy pothetical mechanisms for the production of re gional hypometabolism in AD. Future studies could explore the relationship of synaptic density and neurochemical deficits in AD with the severity of neocortical metabolic deficits. The potential impor tance of such research is that it could improve an understanding of the mechanism by which neocor tically mediated behaviors are affected in AD pa tients.
The findings in this study also suggest that brain regions that are hypometabolic in AD are viable. The discovery of this viability allows a measure of optimism concerning the possibility of reversing brain functional deficits in AD patients who are treated by an effective therapeutic agent, whenever this becomes available.
